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 TitaniumOverview

 Titanium-based alloys provide an 
excellent combination of a high strength/
weight ratio and good corrosion behav-
ior, which makes these alloys among the 
most important advanced materials for 
a variety of aerospace, marine, indus-
trial, and commercial applications. 
Although titanium is considered to be 
reasonably resistant to chemical attack, 
severe problems can arise when titanium-
based alloys come in contact with 
hydrogen-containing environments, 
where they can pick up large amounts of 
hydrogen, especially at elevated tem-
peratures. The severity and the extent of 
the hydrogen interaction with titanium-
based alloys are directly related to the 
microstructure and composition of the 
titanium alloys. This paper addresses 
the hydrogen embrittlement of titanium-
based alloys. The hydrogen-titanium 
interaction is reviewed, including the 
solubility of hydrogen in α and β phases 
of titanium and hydride formation. Also, 
the paper summarizes the detrimental 
effects of hydrogen in different titanium 
alloys.

INTRODUCTION

 Titanium and its alloys have been 
proven to be technically superior and 
cost-effective materials for a wide vari-
ety of aerospace, industrial, marine, and 
commercial applications because of their 
excellent specifi c strength, stiffness, and 
corrosion resistance as well as their good 
behavior at elevated temperatures. How-
ever, the interaction between titanium 
alloys and hydrogen can be extreme1 and 
severe problems may arise when these 
alloys come in contact with hydrogen-
containing environments. The precise 
role of both internal1–7 and environmen-
tal hydrogen has been extensively inves-
tigated.8–16 
 This article reviews the hydrogen-
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Table I. Hydrogen Content Measurements

  Fully Lamellar  Duplex
  Microstructure Microstructure

As-Received C
H
 = 58 (ppm mass) C

H
 = 44 (ppm mass)

Hydrogenated at 50 mA/cm2 C
H
 = 0.060 (mass %) C

H
 = 0.020 (mass %)

Hydrogenated at 100 mA/cm2 C
H
 = 0.110 (mass %) C

H
 = 0.024 (mass %) 
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discussed are the detrimental effects of 

phase (without the formation of a hydride 
phase) can reach as high as 50 at.% at 
elevated temperatures above 600°C. In  
the α phase, however, the terminal 
hydrogen solubility is only approxi-
mately 7 at.% at 300°C and decreases 
rapidly with decreasing temperature. In 
the group IV transition metals, hydrogen 
tends to occupy tetrahedral interstitial 
sites.19 As a result, the higher solubility 
as well as the rapid diffusion (especially 
at elevated temperatures) of hydrogen 
in the beta titanium results from the 
relatively open body-centered-cubic 
(bcc) structure, which consists of 12 
tetrahedral and six octahedral interstices. 
In comparison, the hexagonal-close-
packed (hcp) lattice of alpha titanium 
exhibits only four tetrahedral and two 
octahedral interstitial sites. 
 Hydrogen content measurements (by 
means of a LECO RH-404 hydrogen 
determinator system) were conducted 
on a Ti-6Al-4V alloy, thermomechani-
cally treated in two distinguished micro-
structures—duplex and fully-lamel-
lar—after electrochemical hydrogena-
tion at varying charging conditions. 
Results are presented in Table I. Compar-
ing hydrogen absorption in duplex and 
fully lamellar Ti-6Al-4V alloys after 
electrochemical hydrogenation, the 
hydrogen concentration absorbed in the 
fully lamellar alloy is always higher than 
in the duplex microstructure, irrespective 
of the charging conditions.
 Since the rate of hydrogen diffusion 
is higher by several orders of magnitude 

hydrogen in different titanium alloys, 
with specifi c emphasis on the role of 
microstructure on hydrogen embrittle-
ment of these alloys. 

HYDROGEN-TITANIUM 
INTERACTION 

 The hydrogen interaction with tita-
nium takes the form of a simple eutectoid 
transformation with the α + hydride 
phases forming directly from the β 
phase.17,18 The strong stabilizing effect 
of hydrogen on the β phase fi eld results 
in a decrease of the alpha-to-beta trans-
formation temperature from 882°C to a 
eutectoid temperature of 300°C. The 
terminal hydrogen solubility in the β 
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in the β phase than in the α phase,8 
microstructures with more continuous β 
phase, such as a fully lamellar micro-
structure (Figure 1a), will absorb more 
hydrogen than those with discontinuous 
β, such as the fi ne equiaxed α in the 
duplex microstructure (Figure 1b). 
Increasing the applied current densities 
led to higher hydrogen concentrations 
in both materials, but the hydrogen 
uptake is much higher in the fully lamel-
lar alloy. 
 Three different kinds of titanium 
hydrides (δ, ε, and γ) have been observed 
around room temperature.17,19–21 The δ-
hydrides (TiH

x
) have a face-centered 

cubic lattice with the hydrogen atoms 
occupying the tetrahedral interstitial sites 
(CaF

2
 structure). The non-stoichiometric 

ratio, x, of the δ-hydride exists over a 
wide range (1.5–1.99). At high hydrogen 
concentrations (x ≥ 1.99), the δ-hydride 
transforms from diffusionless into ε-
hydride, with a face-centered tetragonal 
(fct) structure (c/a ≤ 1 at temperatures 
below 37°C). At low hydrogen concen-
trations (1–3 at.%), the metastable γ-

hydride forms, with an fct structure of 
c/a higher than 1. In the γ-hydride struc-
ture, the hydrogen atoms occupy one-half 
of the tetrahedral interstitial sites. 

HYDROGEN 
EMBRITTLEMENT OF 
TITANIUM ALLOYS

 Hydrogen damage of titanium and its 
alloys is manifested as a loss of ductil-
ity (embrittlement) and/or reduction in 
the stress-intensity threshold for crack 
propagation.22

Commercially Pure Titanium 

 Commercially pure titanium is very 
resistant to hydrogen embrittlement 
when tested in the form of fi ne-grained 
specimens at low-to-moderate strain 
rates in uniaxial tensile tests. However, 
it becomes susceptible to hydrogen 
embrittlement in the presence of a notch, 
at low temperatures or high strain rates, 
or large grain sizes. The last effect was 
reported to be a consequence of the 
enhancement of both void nucleation 
and void link-up at large grain sizes or 
biaxial stresses.23,24

Alpha and Near-Alpha Alloys 

 In near-alpha and alpha + beta titanium 
alloys, the main mechanism of hydrogen 
embrittlement was often suggested to 
result from the precipitation and decom-
position of brittle hydride phases. At 
lower temperatures, the titanium hydride 
becomes brittle and severe degradation 
of the mechanical and fracture behaviors 
of these alloys can occur.1

 The titanium alloys whose micro-
structures contain mostly the α phase, 
when exposed to an external hydrogen 
environment at around room tempera-
ture, will degrade primarily through the 
repeated formation and rupture of the 
brittle hydride phase at, or very near, 
the gas-metal interface.9 When only 
the α phase is present, degradation is 
insensitive to external hydrogen pressure, 
since hydride formation in the α phase 
can occur at virtually any reasonable 
hydrogen partial pressure.
 Birnbaum et al.25 revealed that in 
the hcp α Ti-4%Al alloy, exposed to a 
gaseous hydrogen environment at room 
temperature, two fracture mechanisms 
could operate, depending on the stress 
intensity. At low stress intensity, the 
cracks propagated by repeated forma-

tion and cleavage fracture of hydrides. 
At high stress intensities, the fracture 
mode transition occurred when the crack 
propagation rate exceeded the rate at 
which the hydride could form in front 
of the crack, and the hydrogen-enhanced 
localized plasticity was the responsible 
cracking mechanism. 

Alpha + Beta Alloys 

 In the alpha + beta alloys, when a 
signifi cant amount of β phase is present, 
hydrogen can be preferentially trans-
ported within the β lattice and will react 
with the α phase along the α/β boundar-
ies. Under these conditions, degradation 
will generally be more severe with sever-
ity of degradation refl ecting the hydro-
gen pressure dependence of hydrogen 
transport within the β phase.26 Hydrogen-
induced cracking is related also to the 
environment. During cathodic charging 
and exposure to electrolytic solution of 
duplex and fully lamellar Ti-6Al-4V 
alloys, x-ray diffraction  microstructure 
observations of both alloys before and 
after hydrogenation revealed that the 

Figure 1. Scanning-electron micrographs 
revealing the microstructures of Ti-6Al-4V 
specimens; (a) fully lamellar microstructure 
showing continuous β phase, (b) duplex 
microstructure showing equiaxed primary 
α and lamellar packets of transformed β 
(secondary α). 
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Figure 2. Scanning-electron micrographs 
of Ti-6Al-4V alloys after electrochemical 
hydrogenation (1 H3PO4: 2 glycerine, 
50 mA/cm2, 69 h) revealing hydrogen-
induced cracking in (a) the fully lamellar 
microstructure, between the α and β 
lamellas, (b) duplex microstructure, in the 
boundaries and inside the equiaxed grains 
of primary α.
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presence of hydrogen in solid solution 
in both α and β  phases resulted in lat-
tice expansions. The result is similar to 
the observations after gas-phase hydro-
genation, reported elsewhere.27 In both 
specimens, increasing the applied current 
density resulted in a further expansion of 
the cell volume of the α phase, as well 
as in the precipitation of cubic δ-TiH

x
 

(with a cell parameter of 4.34 ± 0.19 
Å in the fully lamellar specimen and 
4.54 ± 0.17 Å in the duplex specimen). 
However, in duplex material, the δ-TiH

x
 

formed even at lower current densities, 
but the lattice parameter of the hydride 
was lower than that formed at higher 

current densities (4.23 ± 0.17 Å instead 
of 4.54 ± 0.17 Å). Scanning-electron 
microscopy investigations revealed that 
hydrogen-induced cracking will usually 
take place in the α phase or along the 
α/β interface, depending on the prior 
microstructure of the alloy (Figure 2).
 Applying higher current densities 
resulted in severe pitting and micro-
cracking, as well as oxygen contami-
nation of the hydrogen-attacked areas 
in both Ti-6Al-4V alloys. However, in 
comparison to the random distribution 
of the microcracks in the fully lamellar 
alloy, the pitting and the microcracks in 
the duplex alloy were located mainly in 

the equiaxed grains of primary α, rather 
than in the β-transformed lamellar grains 
(Figure 3).
 The substantial effect of the micro-
structure is also demonstrated in the 
Ti-8Al-1Mo-1V alloy under different 
heat treatments; in the near-α alloy the 
cleavage-like fracture occurred, and in 
the alpha + beta alloys an alternating 
extensive α cleavage and ductile rupture 
of the β ligaments became active.12,28

Beta Alloys 

 Since beta titanium alloys exhibit very 
high terminal hydrogen solubility and do 
not readily form hydrides, until lately 
they were considered to be fairly resistant 
to hydrogen, except possibly at very high 
hydrogen pressures.29 However, recent 
investigations have demonstrated that 
these alloys can be severely degraded 
by exposure to hydrogen. For example, 
hydrogen embrittlement was observed 
to occur in the Ti-Mo-Nb-Al,30 Ti-V-
Cr-Al-Sn,31 and Ti-V-Fe-Al32 alloys, 
well below the hydrogen concentration 
required to hydride the β phase. The most 
evident degradation is the formation of 
the δ-hydride phase, which is brittle at 
low temperatures, similar to that in the 
primarily α alloys except that it requires 
higher hydrogen pressures.20 In addition, 
since hydrogen is a strong β stabilizer, 
the α phase present in these β alloys 
can be transformed to the β phase with 
hydrogen exposures at elevated tempera-
tures. Therefore, since the presence of a 
fi nely precipitated, acicular α phase is 
the primary strengthening mechanism in 
most β alloys, their strength will decrease 
with hydrogen absorption at elevated 
temperatures.33 
 Finally, it has been observed that 
hydrogen in solid solution in the β lat-
tice, well below the expected terminal 
solubility limit for the formation of a 
hydride, can have a signifi cant effect on 
the ductile-to-brittle fraction transition of 
the bcc β alloys. Hydrogen can raise the 
transition temperature from below about 
–130°C in a hydrogen-free material to 
100°C, following a high-temperature, 
low-pressure hydrogen exposure. Asso-
ciated with this ductile-to-brittle transi-
tion is a change in the fracture mode 
from ductile, micro-void coalescence 
to brittle cleavage.33 
 Investigations of the β-21S titanium 
alloy34,35 revealed that the hydrogen-

30 μma

21 μmb

1

2

2

1

Figure 3. An SEM and EDS examination of Ti-6Al-4V alloys after electrochemical hydrogenation 
(1 H3PO4: 2 glycerine, 100 mA/cm2, 69 h) revealing hydrogen-induced cracking and pitting in 
(a) the fully lamellar microstructure and (b) duplex microstructure.  



induced ductile-to-brittle transition 
occurred abruptly at a critical hydro-
gen concentration that decreased with 
decreasing tensile test temperature. Also, 
the yield strength of ductile specimens 
and the fracture stress of brittle speci-
mens were reduced by the solute hydro-
gen, and the mechanism responsible was 
decided to be the decohesion mechanism 
of hydrogen embrittlement.
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